The oxidation characteristics of nickel thin films were investigated by atomic force microscopy (AFM) anodization. The anodization parameters, such as anodized voltages, oxidation times, pulse voltage periods and how they affected the creation and growth of the oxide nanostructures were explored. The results showed that the height of the nickel oxide nanodots grew as a result of either the anodization time or the anodized voltage being increased. The oxide growth rate was dependent on the anodized voltage and on the resulting electric field strength. Furthermore, as the electric field strength was at an order of 2 Â 10 9 Vm À1 , the anodization rate decreased quickly and the oxide dots stopped growing.
Introduction
Scanning probe microscopy (SPM) such as scanning tunneling microscopy (STM) and atomic force microscopy (AFM) have had a great impact on the development of the nanoscience and nanotechnology because of their demonstrated ability to manipulate atoms or molecules on the surface and to fabricate nanostructures. 1, 2) Scanning probe anodization is an electrochemical nanolithography based on the electrochemical oxidation of a specimen with an adsorbed water layer. 3) In particular, an AFM-based local anodization process has been investigated for the fabrication of nanostructures and nanodevices. 4, 5) The local electrochemical oxidation can be produced on nickel films using electric fields in an atomic force microscope. This technique can also be used to extend the application field of AFM-based lithography, when nanopatterning of the isolated layers is needed in silicon technology. 6) Noncontact mode in AFM for the generation of oxide patterns on silicon substrate clearly appears to be the best candidate due to the soft interaction between the surface and the tip. 7) There are two advantages for using AFM electrochemical lithography. First, the electric field governing the exposure mechanism can be applied independently. Second, noncontact-mode AFM eliminates lateral shear forces and overcomes the tip-sample adhesion forces and capillarity, thereby avoiding damage to the surface and improving imaging and lithography resolution. 8) Nickel oxide (NiO x ) films have been employed for ultra large-scale integration (ULSI) because of its high thermal stability, low electrical resistivity and good diffusion barrier characteristics. 9) Local oxidation on Ni thin films produced NiO x oxide structures. 10) However, there is still a lack of information concerning the surface's anodic kinetics, growth mechanisms, and the effect of the electric field strength using AFM with a conductive probe. In this study the AFM probe tip-induced local anodization on Ni surface is presented.
Experiments and Methodology
The Ni thin films were deposited on a p-type Si(100) substrate by ion beam sputtering method. Before the film's deposition, the Si wafer was cleaned in a HF solution to remove the native oxide SiO 2 layer. The average surface roughness of the Ni film was approximately 1.0 nm, respectively. The typical thickness of Ni film is about 20 nm.
The local oxidation experiments were performed using atomic force microscope (NT-MDT SPM, Russia) operated in a noncontact mode. A silicon cantilever with a TiN coated probe (3 Â 10 À7 m) was used. The average force constant and the resonance frequency were 34 Nm À1 and 350 kHz, respectively. The cantilever was exercised at its resonance frequency. To perform the oxidation an additional circuit was used to apply a voltage between the tip and the substrate. The topography feedback was switched off during the nanolithographic process.
11) The process to oxidize the Ni surface using AFM noncontact mode had three important steps: First, an oscillating probe is placed about 10 nm above the sample surface. Second, a voltage pulse is applied to form a liquid bridge between the tip and sample. The liquid bridge or meniscus is produced by the action of capillary forces at the AFM tip and the sample covered by an absorbed liquid film. Third, another voltage is applied to the silicon substrate to induce oxidation.
The process of AFM local anodic oxidation is depicted in the Fig. 1 . The AFM probe was used as the cathode and the adsorbed water created from an ambient humidity of 55% was used as the electrolyte in non-contact mode. When the water meniscus adsorbed on the specimen surface provided the oxyanions oxide structures were formed on the surface. There is an adsorbed water layer on the surface, which provides the required electrolyte under ambient conditions. The thickness of the water layer depends on the relative humidity level in the surrounding air. Anodization by the water on the specimen's surface will occur directly below the AFM probe tip when a bias voltage is applied to the probe. Using the AFM tip as a cathode, the surface of Ni will be oxidized, and the ions (including OH À and O 2À ) contribute to the formation of the surface oxide; then the oxidized structure will be made. The occurrence of the oxidation mechanism on the surface of the Ni film was as the follows. When setting the AFM tip near the Ni surface, the Faraday current flowed between the tip and the surface through the water from the ambient atmosphere, which adhered at the surface of the Ni metal. Then, the Ni surface was oxidized to form the oxidized nickel (NiOx) structure. There are many kind of oxide in oxidation process in aqueous media. The possible chemical reactions at the AFM/water interface and the Ni/water interface are described as follows: AFM tip/water interface
Ni/water interface
where e À stands for an electron.
Results and Discussion
Figure 2 represent the oxide height and oxide width at anodization voltages of 7 $ 10 V and at an anodization time of 10 s. Figure 3 depicts a sequence of AFM imaged Ni-oxide dots fabricated using the electrochemical oxidation method. The patterns in Fig. 3 were obtained by using the static voltages of 7, 8, 9 and 10 V at the oxidation times of 10 s. These experiments were carried out in an environment having a relative humidity of 55%. It can be seen that the oxide height and width increased as the anodization time increased and as the anodization voltage was increased. Figure 4 (a)-(b) represent the oxide height and oxide width at anodization voltages of 8 and 10 V and as a function of the anodization time. Figure 5 depicts a sequence of AFM imaged oxide dots fabricated using the AFM-based oxidation method. The patterns in Fig. 5 were obtained by using the static voltages of 10 V at the different oxidation times of 1 $ 100 s. These experiments were carried out in an environment having a relative humidity of 55%. The observed relationship of the oxide nanodot height to the probe tip's oxidation time can be explained by the field-assisted oxidation theory of thin films.
12) The largest oxide nanodots corresponded to the longest oxidation time. The oxide dots had not only grown along the vertical direction but also along the horizontal direction. The lateral resolution was determined by the oxide nanodot's width and was found to be proportional to the oxide nanodot's height.
To fabricate a dot for a given size the anodization times should be shortened or lengthen in relationship to the corresponding anodization voltages which would be increased or decreased, respectively. This is to say when using a shorter anodization time a higher anodization voltage should be used and when using a longer anodization time a lower anodization voltage should be used to fabricate dots of equal mechanisms and proportion.
To understand the oxide growth rate, experiments were performed to determine the kinetics of the oxide process. The different size oxide dots were analyzed at the anodized voltages of 8 and 10 V and between the anodization times of 0.02-100 s. During the AFM tip-induced anodization process, the electric field enhanced the occurrence of the ion diffusion. The relationships of the growth rate and the electric field strength at a relative humidity of 55% are shown in Fig. 6 . The growth rate of the oxide width was estimated by linearly fitting the oxide width and the voltage duration. In Fig. 6 it can be seen that the larger growth rates were obtained and therefore higher electric field strength occurs when the applied anodization voltages was larger. The initial growth rate was on the order of 10 $ 20 nms À1 at applied voltages of 8 and 10 V, and rapidly became smaller when the electric field strength was smaller. When the applied voltage increased, the initial growth rate was increased. The anodization process was enhanced when the electric field strength was at an order of $2 Â 10 9 Vm À1 . As pointed out in Avouris et al., 12) an equation was used to describe the growth kinetics as follows:
where H is the oxide height at time t, and l c is a characteristic length depending on the anodization voltage. The relationships between the growth rate and the oxide height at applied voltages of 8 and 10 V are plotted in Fig. 7 . In this experiment it was observed that the larger the oxide height was the slower the growth rate became. The applied bias voltage extended the electric field strength assisting the oxidation mechanisms until the growth was limited by the diffusion. The oxide rate is not only a function of electric field strength but also appears to depend on the bias voltage applied to the probe. The Cabrera-Mott theory of field-induced oxidation cannot account for this kinetics observed in this experiment. 13) Attempts to explain the differences between the kinetics of AFM-induced oxidation and the Cabrera-Mott field model have invoked the thought that the possible reasons are such mechanism as: the mechanical stress created and arisen within the oxide dots because of a large volume mismatch between the specimen and the oxide dot's structure; 14) the space charge build-up within the oxide dots. In order to explore the growth behavior of the oxide, dot patterns were fabricated by applying pulse voltages. The pulse had a square wave with a voltage amplitude of 10 V and a rest amplitude of 0 V. The different on/off pulse cyclic durations of 0:01 $ 1 s was set within per second, i.e., the voltage pulse number of the 0.01 s pulse duration was higher than that of 1 s pulse duration. The relative humidity was kept at about 55% during the anodization process. Figure 8 shows the dependence of the width of the oxide dots using different pulse periods under an anodization voltage of 10 V. It is noted that the static DC does not corresponds to the pulse duration of 0. It can be seen that a higher oxide structure was created by the pulse voltage period than that of the static DC voltage and a shorter pulse voltage caused a higher oxide growth rate. This reason can be explained by the static DC voltage being applied to the AFM tip and OH À ions drifting through the anode continuously inducing the growth of the oxide on the nickel surface. If a pulse voltage is applied, the transportation of OH À ions will be broken during the rest duration of the pulse voltage and will cause the oxidation growth to stop. When the next pulse voltage is started, the transportation of the OH À ions will reinitialize. This is due to the OH À ions traveling randomly during the rest period of the pulse. When the active duration of the voltage is shorter, a stronger suppression of the oxide growth will be achieved. An additional reason for the observed is the fact that pulse duration affects on total coulomb number and each experiment had different reaction electricity. Therefore, the larger amount of oxide is produced at higher pulse duration condition.
Conclusions
In summary, the growth mechanism of Ni anodization was investigated by applying an anodized voltage to the AFM probe. The Ni oxides were created by AFM electrochemical nanolithography. The oxide thickness was found to increase as the anodized voltage or the anodized time was increased. The greater the oxide structures thickness became the weaker the electric field strength became, which also limited the oxide structures growth. The oxide thickness was governed by the electric field strength. The Ni-oxide nanostructures were successfully fabricated and the mechanisms studied during the anodization process. These results show that AFM nanooxidation is to be a promising method for fabricating Ni thin films and has great potential for use in the fabrication of future nanodevices and carbon nanotubes applications. 
